The interaction of bottom squark-mediated top quark pair production, occuring in the R-parity violating minimal supersymmetric standard model (MSSM), is proposed as an explanation of the anomalously large tt forward-backward asymmetry (FBA) observed at the Tevatron. We find that this model can give a good fit to top quark data, both the inclusive and invariant mass-dependent asymmetries, while remaining consistent (at the 2-σ level) with the total and differential production cross-sections. The scenario is challenged by strong constraints from atomic parity violation (APV), but we point out an extra diagram for the effective down quark-Z vertex, involving the same coupling constant as required for the FBA, which tends to weaken the APV constraint, and which can nullify it for reasonable values of the top squark masses and mixing angle. Large contributions to flavor-changing neutral currents can be avoided if only the third generation of sparticles is light.
Introduction
Recent analyses by both the CDF and D/ 0 collaborations have reported an anomalously large forward-backward asymmetry (FBA) in top pair production at the Tevatron. The observed discrepancy between the Tevatron data and the standard model (SM) prediction indicates the possibility of new physics. Within the SM, the top quark FBA is predicted to be identically zero at leading order (LO), with a nonzero asymmetry being generated at next-to-leading order (NLO), from extra gluon radiation and interference of one-loop box diagrams with the LO gluon exchange process. This predicted NLO asymmetry however, is much lower than that which is observed at Tevatron.
Reports from the CDF collaboration give inclusive asymmetries, measured in the tt centre of mass frame, of A tt F B = 0.155±0.048 [1] , A tt F B = 0.158±0.074 [2] , A tt F B = 0.24±0.14 [3] and A tt F B = 0.42 ± 0.15 ± 0.05 [4] , with the last value corresponding to a semileptonic decay channel, while D/ 0 has reported a value of A tt F B = 0.196±0.060
+0.018
−0.026 [5, 6] . The results display a significant discrepancy with the NLO SM prediction of A SM F B = 0.0724 +0.0104+0.0020 −0.0067−0.0027 [7] . Moreover, CDF observed a rise in the asymmetry with both the invariant top mass and top rapidity, reporting the following values [1] A ℓ ≡ A The D/ 0 collaboration does not observe this same rise in the asymmetry with invariant mass, although the same excess in the inclusive asymmetry is observed [5] .
Various models of new physics have been proposed to account for the FBA. They are typically classified by the nature of the new mediator particles, depending upon whether they are t-or s-channel exchange of vector or scalar bosons. In general, s-channel models involve exchange of a colour-octet vector, either in chiral colour models proposing axigluonmediated top pair production [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , or Randall-Sundrum models and the associated effects of Kaluza-Klein gluons in warped extra dimensions [20] [21] [22] [23] , as well as general extensions and exotic representations of the SM colour gauge group [24] [25] [26] [27] . These models have the advantage of a large interference with SM gluon exchange. Additionally, a colour-octet only requires nonzero axial couplings to produce the FBA, whereas colour-singlets require both vector and axial-vector couplings toand tt [28] .
t-channel models involve the exchange of scalar or vector mediators whose couplings can either be flavor-conserving or have large flavor violation. In the latter case, the generation of a sufficient asymmetry requires a large u-t or d-t coupling and concerns then arise regarding the generation of large flavor-changing neutral currents (FCNCs) [28] . Flavor-conserving models [29] [30] [31] [32] [33] [34] are advantageous in this respect. Flavor-violating models typically include extensions of the SM electroweak gauge group, involving the exchange of new W ′ or Z ′ bosons with vector-like [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] or chiral [47] [48] [49] couplings.
Any new physics contributing to the FBA is significantly constrained by complementary top quark data, from both the Tevatron and the LHC, which agree with SM predictions. Such data in particular includes the total inclusive tt production cross-section, σ tt , and the tt invariant mass distribution of the differential top pair cross-section, dσ/dM tt . CDF finds a total production cross-section of σ tt = (6.9 ± 1.0) pb at 4.6 fb −1 [50] , which agrees with the NLO and NNLO SM predictions. Reference [51] gives a NNLO value of (σ tt = 6.63 +0.00+0.33 −0.40−0.24 ) pb, obtained using the MSTW2008 parton distribution function set [52] .
Many t-channel scalar exchange models have been noted to produce too great a contribution to dσ/dM tt at high invariant masses, if they are tuned to give a large FBA in this regime [29, 34, 53, 54] . This contribution is of particular concern when considering the LHC data corresponding to this observable, which are more sensitive to the effect at high invariant masses. An additional LHC constraint is provided by measurements of the charge asymmetry, a quantity which is directly related to the Tevatron FBA, which show agreement with the SM prediction. A recent ATLAS result gives A c = −0.019±0.028±0.024 [55] , compared with a SM prediction of A SM c = 0.0115 ± 0.0006 [56] . Moreover other models (including the one featured in this paper, it will be seen) are challenged by constraints from FCNCs such as B d -B d mixing [13] , and electroweak precision data.
In the present work, we focus on theb * Rt R d c R coupling of the R-parity violating, minimal supersymmetric standard model (MSSM) as an explanation of the top quark FBA. 1 While R-parity conservation is a simple way to avoid catastrophic baryon violation in the MSSM such as proton decay, theb * Rt R d c R operator by itself does not lead to proton decay. Its coupling is constrained by neutron-antineutron oscillations [59] , but the loop diagram giving rise to this constraint is suppressed if the Wino mass is large or if the squark mixing is small, as we shall assume in this work. Other bounds on R-parity interactions are on products of different couplings and can be evaded if the one of interest is dominant. Such operators also have the virtue of helping to provide a mechanism for baryogenesis [60] .
Although the R-parity violating model falls in the category of those claimed to be disfavored because of the tension with the asymmetry at high invariant masses, we believed it had sufficiently strong theoretical motivation to suspend judgment on this issue. In the meantime, the more recent measurement of A h reported in [1] greatly ameliorates this tension. In agreement with [57, 58] , we find that theb-mediated down quark-antiquark annihilation process can account for the observed value of the FBA, while remaining consistent with the constraints posed by the total and differential production cross-sections.
It was recently pointed out [61] that atomic parity violation (APV) provides an additional powerful low-energy constraint on t-channel models of the FBA. The same couplings of u-t or d-t to the new mediator that generate the FBA can generically produce large anomalous couplings of u and d to Z that contribute to the weak charge of nuclei. We agree that for generic values of the stop mass matrix, the APV constraints from cesium rule out the regions of parameter space compatible with the FBA in the R-parity violating MSSM; however, if there is significant stop mixing and a large mass splitting, we show that there exists a canceling contribution to the anomalous parity violation which can greatly relax the constraints and preserve the viability of the model for explaining the top quark observations.
In section 2, we describe the computation of the FBA and in section 3 the new contribu-tions to APV. Results of our numerical analysis are presented in section 4, and conclusions given in 5, including a brief discussion of the problems of FCNCs and perturbativity of the large R-parity violating coupling.
2 Top pair production in R-parity violating SUSY
The MSSM without R-parity is supplemented by the additional superpotential contributions
where the chiral superfields L i and Q i represent the left-handed lepton and quark doublets, E i and U i , D i are the right-handed lepton and quark singlets, and H 1,2 are the Higgses. 2 For the top quark FBA however, we are only interested in the baryon-violating λ ′′ term, which gives rise to dd → tt viab exchange, through the first of the two interactions
or more specifically (focusing on the relevant generations for the FBA and APV)
where P R,L = (1 ± γ 5 )/2 denote the chirality projection operators and the coupling −λ ′′
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is now denoted by f dt . The corresponding Feynman diagram for the new contribution to dd → tt is shown in Figure 1 . It involves only the first interaction in (3), while the second enters into the computation of APV observables to be discussed below. Structurally similar models for the tt FBA have been considered more generally under the guise of scalar, diquark-mediated, u-channel top pair production within a framework of generalized exotic colour representations under the SM gauge group SU(3) c × SU(2) L × U(1) Y [62] . Since it can be shown [63] that under the assumption of minimal flavour violation and avoiding FCNCs, a scalar octet is associated with quark masses and hence, the corresponding s-channel process mediated by a colour-octet is negligible [62] , the cases of interest are the colour-triplet and sextet. A particular instance of the colour-triplet, specifically the representation (3, 1, −1/3), has the same quantum numbers as the bottom squark, and so corresponds to the case of interest in this work.
The interaction (3) involves only the right-handed squarks. In general, one expects mixing between the left and right squarks due to off-diagonal terms in the mass matrix. For a given flavor of squark, these terms are proportional to the corresponding quark mass, and thus squark mixing is generally only considered for the third generation. For our FBA analysis, we neglect mixing of the bottom squark, but we will allow for top squark mixing when we discuss a loophole to the atomic parity violation constraints.
Detailed formulas for our computation of the FBA are given in appendix A.
Atomic parity violation
As mentioned in the introduction, theb * dc R t R coupling also affects the one-loop effectivē d R / Zd vertex and hence is subject to the constraints of atomic parity violating data. The relevant Feynman diagrams are shown in Figure 2 . In the case of vanishing squark mixing, only the first diagram contributes to the anomalous coupling of the right-handed dowñ
Anomalous coupling of the Z boson to d quark at one loop, arising fromb * dc R t R andt * bc R t R couplings. Left: standard contribution, present with no squark mixing; right: extra contributions arising from nonzero squark mixing. Note that the diagrams with b andt in the loop arise from the second term in (3).
where F 1 is defined as
The coefficient is normalized such that the corresponding one-loop effective Lagrangian is
where g 2 is the SU(2) L coupling and θ W is the Weinberg angle. Since F 1 ∼ −x ln x as x → 0, the second term with x = m b /mt is negligible.
In the R-parity violating MSSM, if there is squark mixing then there are necessarily additional contributions from the right-most diagrams of fig. 2 . The one with t andb in the loop has the same sign as the dominant contribution to (4). 4 Since we are interested in finding a canceling contribution, let us suppose that the b squark mixing angle is small, and focus on the diagram with b andt in the loop. This has the opposite sign to (4) as desired. We define δ such that the squared stop masses are given by m 2
. In terms of thet mixing angle θt, we find that the extra contribution to a N P R (d) is given by
in the limit where m b ≪ m 0 , where
Depending upon the properties of the top squark, this extra contribution can be significant compared to the first one, a N P R,d . Suppose for example that the top squark mass splitting is large, δ = 1.8, corresponding to masses mt 1,2 = (0.32, 1.38)m 0 , for which F 2 = 0.64. A large cancellation against the first diagram can be achieved at mb = 600 GeV (relevant for the benchmark model we designate below), where 2F 1 = 0.31, if sin 2 2θt ∼ = 0.5, which is large but not maximal mixing. The weakening of the Cs APV constraint for more general values of mb will be considered in the next section.
By Z exchange, the operator (6) induces an anomalous contribution to the 4-quark effective operator
where δC 1d = (a N P R,d + δa N P R,d ), to be compared to its SM value
There is an analogous term with
3 sin 2 θ W for the up quark, for which δC 1u = 0 in our model. The weak charge of a nucleus with Z protons and N neutrons is given by [64] . A strong constraint on new physics contributions to APV comes from cesium ( 133 Cs), for which the weak charge is measured to be Q W (Cs) = −73.20 (35) [65] [66] [67] , compared to the SM prediction of Q SM W (Cs) = −73.15(2) [65] . Improved constraints are anticipated from the Qweak experiment [68] on the proton nuclear weak charge, measured via electron-proton scattering. Current data give Q W (p) = 0.052 (17) , consistent with the expected value of Q SM W (p) = 0.0713(8) [69] . Further constraints on anomalous parity violation arise from neutrino deep inelastic scattering (DIS) experiments. In a similar manner to the nuclear weak charge case, the contribution of right-handed down quarks is described by the 4-fermion interaction
where the SM contribution is ǫ R,d = (2/3) sin 2 θ W and the new physics contribution is
. Experiments in neutrino deep inelastic scattering provide measurements of the quantities g 2 R,L ≡ q ǫ 2 R,L,q . Current data give g 2 R = 0.0309 (10) , in agreement with the SM prediction of 0.03001(2) [65] . These do not constrain our model as strongly as do the atomic cesium data.
Numerical Analysis and Results
In this section we describe our method of analysis and the resulting best-fit regions in the Rparity violating MSSM parameter space for fitting the FBA as well as top quark production data. Then we show how these regions are constrained by atomic parity violation.
Analysis
Following ref. [34] , we distinguish the new physics (NP) contribution to the FBA from the SM contribution through the definition
where the subscripts F, B denote the forward and backward contributions to the cross section, respectively, and interference of the NP contribution with the LO SM term is taken into account in σ N P F,B , while the SM NLO+NNLO contributions are included in σ SM and A SM F B . In addition to the inclusive asymmetry, we also consider the FBA coming from the low and high invariant mass regions. From ref. [7] , the NLO + NNLL values for the SM contributions are A SM F B = 0.0724 respectively, and the NNLO value of the total SM cross-section is σ SM = (6.63
−0.36 )pb [51] . The central values of the cross-section for the high and low invariant mass bins are taken to be σ SM h = 2.34 pb and σ SM l = 4.29 pb. An overall K-factor of 1.4 was used to estimate higher-order QCD contributions to the cross-sections. σ SM includes the contribution of gg fusion in addition to the dominantannihilation process. To maintain consistency with references [7] and [51] , from which the SM predictions are taken, the MSTW2008NLO set of PDFs is used [52] , evaluated at a scale q = m t = 173.1 GeV. The PDF scale is varied between m t /2 and 2m t to give an approximate uncertainty on the calculated values. The top mass is taken to be m t = 172.5 GeV for the remainder of the analysis [70] .
To compare the predictions to experimental values, the inclusive asymmetry is taken to be A tt F B = 0.178 ± 0.037, obtained from a weighted average of the four values quoted in section 1, adding the uncertainties in quadrature. The values of the folded, invariant mass dependent asymmetries are taken to be A h = 0.296 ± 0.067 and A ℓ = 0.078 ± 0.054 [1] . The total production cross-section, σ tt = (6.9 ± 1.0)pb and differential cross-section invariant mass distribution are as in ref. [50] ; in particular, the value for the high-mass bin is (dσ/dM tt ) h ≡ dσ/dM tt (800 GeV ≤ M tt ≤ 1400GeV) = (0.068 ± 0.032 ± 0.015 ± 0.004) fb GeV −1 .
We determine the allowed regions in the (mb R , f dt ) parameter space (recall that squark mixing is neglected), by fitting the anomalous experimental values of the inclusive asymmetry and the corresponding low and high invariant mass bins, while maintaining agreement with the total and differential production cross-sections. Following [36] we construct a χ 2 function in terms of these parameters, according to the naive definition
where O i correspond to the Tevatron observables (we treat APV and LHC data separately below) and σ i their corresponding uncertainties, which are derived from the uncertainties on the experimental values and SM predictions, and those estimated from variation of the PDFs, by adding in quadrature. This gives a rough estimate of the allowed regions, since the true χ 2 function should take into account the correlations between these observables through the covariance matrix; clearly the cross-section and the various asymmetries are correlated. However this is a much more involved task, and for this work we content ourselves with the estimate provided by (12) .
An additional, separate χ 2 is defined to fit LHC data, specifically the charge asymmetry in tt production and the relative differential top pair production cross-section, 1/σ dσ/dM tt , at high invariant masses. Although there is no forward-backward asymmetry at the LHC due to the fact that both beams are protons, the charge asymmetry is closely related, and is defined as
where ∆|y| = |y t | − |yt|. The NP and SM contributions to the charge asymmetry are distinguished as in (11) . The measured value and SM prediction of the charge asymmetry are as given in sect. 1. We find that a much stronger constraint is posed by the differential cross-section, 1/σ dσ/dM tt . We consider the relative differential cross-section corresponding to the two highest invariant mass bins, 700 GeV < M tt < 950 GeV and 950 GeV < M tt < 2700 GeV, measured by ATLAS as (0.24 ± 0.04) TeV −1 and (0.007 ± 0.003) TeV −1 , respectively [71] . Recently it was pointed out that electroweak Sudakov corrections lead to a reduction in the predicted cross section in models where the FBA is explained by new physics in the t-channel [72] . This reference showed that the reduction was approximately 10% at high invariant tt masses, in models where the new physics couples to left-handed quarks. It would be beyond the scope of the present work to recompute this correction for the case of interest, for new couplings to right-handed quarks. We simply assume it is the same and thus we apply a 10% downward correction to the predicted cross section.
We further define an analogous χ 2 for the atomic parity violation data, using the three measurements of the Cs and proton weak charges and the neutrino DIS determination of g R , as discussed in sect. 3. The resulting constraints on (mb R , f dt ) are dominated by the Cs contribution.
Results
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0.178 ± 0.037 0.167 A ℓ 0.078 ± 0.054 0.107 A h 0.296 ± 0.067 0.252 σ tt (6.9 ± 1.0)pb 7.54 pb dσ h tt /dM tt (0.068 ± 0.032 ± 0.015 ± 0.004) fb GeV −1 0.097 fb GeV −1 Table 1 : Values of the fitted observables, for the benchmark model (mb = 600 GeV, f dt = 3.2) close to the minimum of the χ 2 .
while simultaneously fitting the full set of observables considered. It can be seen in the relevant plots that the results remain consistent with the experimental invariant mass distribution. Moreover, the problem of the enhancement of the tail of the distribution, which previously plagued t-channel models of this kind [29, 34, 53, 54] is resolved by using the updated value of A h [1] . Both of these figures and the table refer to the benchmark model (mb = 600 GeV, f dt = 3.2). We find that there is some tension between this model and LHC data, namely the relative differential cross-section, as enhancement of the cross-section at high invariant masses disfavors a significant region of parameter space. In fig. 7 we show the region of parameter space allowed by the LHC-measured observables. Although the 1-σ allowed regions from the two experiments do not intersect, there is considerable overlap between 00  00  00  00  00  00  00  00  00  00  00  00  00   11  11  11  11  11  11  11  11  11  11  11  11 the 2-σ allowed regions, spanning sbottom masses from 300 to 900 GeV and couplings f dt from 2.4 to 3.6. Thus although the overall fit from combining Tevatron and LHC is not ideal, the model is far from being ruled out. We differ in this conclusion from ref. [73] , which considered more generally the constraints on models with color-triplet exchange. In that work, an effective operator approach was used, where the heavy mediator particle was integrated out, which may not be justified for the low squark masses considered here.
Other differences between the two analyses is our use of more recent ATLAS data [71] and taking into account electroweak Sudakov corrections [72] . On the other hand, the constraint from the charge asymmetry is relatively weak, and we find the model to be consistent to within 1σ with this measurement over the entire parameter space considered. As the most recent LHC determinations of the charge asymmetry are dominated by both statistical and systematic uncertainty, it is not yet at the level where it can provide significant constraints on models that predict an enhanced FBA. In ref. [61] , it was shown that the absence of anomalous parity violation in Cs rules out the explanation of the top quark FBA in some models that are closely related to the present one. We confirm that this is also the case for the R-parity violating MSSM, if only the leftmost diagram of fig. 2 contributes significantly to thedR / Zd R coupling. Fig. 6 (a) shows that the upper limits (diagonal lines) on the coupling f dt as a function of mb are well below the values required to explain the FBA in this case. However as we noted in fig. 2 , which is dimensionless.) We see in this example that the cancellation is complete for mb ∼ = 600 GeV and fully allows for our benchmark model. More generally, the value of mb for which the cancellation is maximized depends upon the stop mixing and mass splitting, and moves to higher values as we take smaller splitting. It is determined by
. This relation is plotted in the plane of sin 2 2θt and δ for the relevant range bottom squark masses in fig. 6 (b). Thus one can achieve consistency with the APV constraints over a range of reasonable values of the parameters.
Conclusion
The anomalously large top pair forward-backward asymmetry, observed by both CDF and D/ 0 is suggestive of new physics, although new models are subject to numerous constraints from collider data, namely the strong agreement between the SM prediction and experimental result in the total tt production cross-section. The process dd → tt, via sbottom Figure 7 : (a) Upper limits on the relative differential cross section for tt production from LHC data at 68%, 95% and 99% c.l., superimposed on the (shaded) regions allowed by the Tevatron top quark FBA and production cross-section. exchange in R-parity violating supersymmetry with the interactionb * Rt R d c R , has been proposed as a mechanism to account for the FBA. We find that the model can produce the required asymmetry, while preserving agreement with the total production cross-section. Moreover, results remain consistent with the differential cross-section, even at high invariant masses.
However, there is some tension between the model and LHC data. Although the model preserves agreement with the measured value of the charge asymmetry, a large region of the parameter space allowed by simultaneously fitting the Tevatron observables is disfavored due to enhancement of the relative differential cross-section at high invariant masses. Nevertheless there is overlap between the 2-σ allowed regions of the FBA and the ATLAS top production cross section, leaving R-parity violating SUSY as possible explanation of the anomaly. The agreement is improved somewhat by taking into account electroweak Sudakov corrections [72] , which we have done in an approximate way. A more exact computation of this effect for new physics coupling to right-handed quarks, as appropriate to the present model, could be interesting for future study.
The constraints posed by atomic parity violation in Cesium would naively appear to exclude this explanation, but we have shown that a canceling contribution to the offending one is naturally present due to the operator f dtt * Rb R d c R that automatically comes with the same strength as f dtb * Rt R d c R in the R-parity violating MSSM, and it can nullify the the effect of the latter for large but reasonable values of the stop mixing and mass splitting. This loophole can also be compatible with a constraint on f dt from neutron-antineutron oscillations [59] if the sbottom quark mixing is small or the Wino mass is large. It could be interesting to quantify this statement in light of the allowed region of parameter space we identify in this work.
An interesting feature of the model could be its implication to b physics, since the extra operator f dtt * Rb R d c R implies analogous new contributions to bb production, leading to further constraints and possible predictions for future experimental results. One expects to observe a forward-backward asymmetry in bb production at a comparable level to that of tt.
A possible concern with this model is the existence of large flavor-changing neutral currents. 5 For example, there is a box diagram for B d -B d mixing with t,b andd in the loop which induces a contribution to the effective operator
dt assuming a common squark mass mq. For our benchmark model, this would give Λ = 1.5 TeV, which is far below the limit of 200 TeV for models with no GIM suppression (though close to the limit of 1.8 TeV for models having minimal or next-to-minimal flavour violating structure) [74] . However, this outcome can be avoided if md ≫ mb. There are well-motivated SUSY scenarios in which only the third generation is light [75] [76] [77] [78] , and it has been argued that R-parity violation is particularly natural within this framework [79, 80] . A complete study of FCNC constraints on our model in this case is beyond the scope of this paper, but would be interesting to undertake.
After completion of this work, we became aware of ref. [81] , which also includes a study of the FBA in the R-parity violating MSSM. There the constraint |f dt | < 1.25 was imposed, leading to a negative conclusion. This was based upon requiring f dt to remain perturbative up to the unification scale [82] . With couplings f dt 2.8 as we favor for the FBA, such a requirement must be abandoned in favor of the more modest one that f dt does not reach a Landau pole at too low a scale. The paradigm of very heavy first and second generation squarks may help in this respect, since f dt runs more slowly in their absence, with df dt /dt ∼ = 3f 2 dt /16π 2 , ignoring gauge couplings. We estimate the Landau pole scale to be Λ ∼ 14 TeV for the case f dt = 2.8, mb = 500 GeV, going up to Λ ∼ 70 TeV for f dt = 2.2, mb = 300 GeV (the lower boundary of the 95 % c.l. region).
with β 2 = 1 − 4m 2 t /ŝ and where θ is the scattering angle in the partonic centre of mass frame. Squaring and summing over colour and spin gives (1 + β cos θ) 2 ,
with N c = 3. Accounting for resonance near the sbottom mass, the matrix element becomes 
with the hat denoting the partonic quantity in the usual convention. The forward-backward asymmetry, defined as
where ∆y is the rapidity of the top quarks, y t − yt, is then given in the tt centre of mass frame by
where σ F and σ B are the forward and backward hadronic cross-sections, evaluated in the tt frame, and given by
with ∆y = 2 tanh −1 (β cos θ). 
where s is the hadronic centre of mass energy, y B is the boost rapidity of the subprocess frame, τ = M 2 tt s , z = cos θ and f i are the parton distribution functions. In accordance with [83] , an experimental rapidity cut |y 1,2 | < y max corresponds to the integration limits 
